The influence of ion mass on transient enhanced diffusion ͑TED͒ and defect evolution after ion implantation in Si has been studied by atomistic simulation and compared with experiments. We have analyzed the TED induced by B, P, and As implants with equal range and energy: TED increases with ion mass for equal range implants, and species of different mass but equal energy cause approximately the same amount of TED. Heavier ions produce a larger redistribution of the Si atoms in the crystal, leading to a larger excess of interstitials deeper in the bulk and an excess of vacancies closer to the surface. For high-mass ions more interstitials escape recombination with vacancies, are stored in clusters, and then contribute to TED. TED can be described in terms of an effective ''ϩn'' or ''plus factor'' that increases with the implanted ion mass. © 1998 American Institute of Physics. ͓S0003-6951͑98͒01836-1͔
Ion implantation plays a critical role for producing integrated circuits. However, the damage generated during ion implantation induces transient enhanced diffusion ͑TED͒ in dopants that diffuse interstitially, and causes significant spreading of the dopant beyond the implanted region. This occurs during the anneal necessary to cure the damage and to activate the dopants electrically. In order to model TED, the ''ϩ1'' model has been used with satisfactory results in many cases. 1 The idea behind the ϩ1 model is that TED is mainly produced by the interstitial generated by the implanted ion as it becomes substitutional. The large number of Frenkel pairs created during ion implantation quickly recombine and do not contribute significantly to TED. This approach was shown experimentally to be accurate when P was implanted at different energies and tilt angles, producing different numbers of Frenkel pairs, with very similar distribution of the implanted ions. 2 It was also found that for Si implants most of the TED occurs during the dissolution of the ͕311͖ defects, and the number of Si interstitials stored in them initially was found to be approximately equal to the implanted dose. 3 Atomistic simulations have also shown that the main contribution to the enhanced diffusivity is due to the extra interstitial left once all the Frenkel pairs recombine. 4 These results were obtained with P or Si, intermediate energies and doses below the amorphization threshold in the order of 5ϫ10 13 cm
Ϫ2
. The ϩ1 model along with random walk theory 5 provides a basic and intuitive understanding of TED. For dilute concentrations, TED is proportional to the number of Si interstitial hops per lattice position, which is a measure of the number of opportunities for a dopant atom to pair with a Si interstitial. Based on random walk arguments, the number of hops ͑N͒ required for a single interstitial to move a distance R on average is proportional to (R/) 2 , where is the hop distance. If we assume that these hops are homogeneously distributed in a band extending from the surface to a depth that scales with R, the density of hops per unit volume is proportional to R. According to the ϩ1 model the initial positions of the Si interstitials responsible for TED mirror the implanted ions. Then, as a first approximation, TED is proportional to the dose and to the distance of the implanted profile to the surface, where the Si interstitials are annihilated.
It has been observed that for a given species of implanted ion and subamorphizing doses, TED increases with the energy of the ions, 6, 7 being approximately proportional to the range of the implanted ions, 6 in agreement with the above model. It has also been found that, for a given energy, the resulting TED is approximately independent of the implant species. 7, 8 This observation contradicts the ϩ1 model since, for a given energy, the range of heavier implanted ions is smaller and therefore, less TED is expected with increasing ion mass. In this letter, we will show that this situation arises from the fact that the ϩ1 model includes only the interstitial generated by the implanted ion, and ignores the Frenkel pairs. The aim of this letter is to provide, through detailed atomistic simulations, a physical understanding of the dependence of TED on implanted species and to provide a simple APPLIED PHYSICS LETTERS VOLUME 73, NUMBER 10 and more accurate way to estimate TED for different implanted ions.
For our study, we use a binary collision code, MARLOWE, 9 to generate the implantation cascades. The coordinates of all interstitials and vacancies are transferred to a Monte Carlo diffusion code to simulate room temperature diffusion and subsequent annealing at high temperature, following the scheme described in Ref. 4 . Si interstitials and vacancies are moved randomly to neighboring sites according to their respective diffusivities until they recombine, are trapped, or annihilated at the front or back surface. The simulation box has an area of 45ϫ45 nm 2 and a depth of 4000 nm to minimize the effect of the back surface. We consider uniform implants across the sample with B, P, As ions, 2 ϫ10 13 ions/cm 2 doses and annealing at 750°C for 120 min, as in the experiment reported by Griffin et al. 7 We analyze implants in which the energy has been chosen to provide approximately the same projected range for all species ͑15 keV for B, 35 keV for P, and 80 keV for As͒ and also implants with the same energy ͑35 keV͒. In the experiment, the authors use a B marker layer of 10 18 cm
Ϫ3
, 200 nm wide at a depth of 400 nm to monitor the enhanced diffusion induced by the implanted ions. From the diffused B profile they extract a time average B diffusivity (D B ) over the 120 min anneal and compare it to the B diffusivity without implantation (D B* ). Since B diffuses by the kick-out mechanism, 10 the enhanced B diffusivity is proportional to the number of Si interstitial hops per lattice site. Figure 1 shows the enhanced B diffusivity as measured in the experiment 7 compared with the total number of Si interstitial hops per lattice obtained in the simulation at 500 nm ͑the average depth of the B marker layer in the experiment͒. Simulations including all the Frenkel pairs generated by MARLOWE, and by using the ϩ1 model, are plotted. We implement the ϩ1 model by placing a Si interstitial in the position of the implanted ion, without the Frenkel pairs. As described above, the ϩ1 model predicts that TED is proportional to the projected range of the implanted ion, independent of the ion mass. However, this result differs significantly from the experimental results. The simulation results in which we include all the implantation damage agree with the experimental data:
7 TED increases with ion mass for equal range implants, with As causing twice the diffusion of B. TED only changes 20% for the equal energy implants of B, P, and As, although the range decreases more than a factor of four going from B to As.
An analysis of the damage profile indicates that different implanted species produce different amounts and distributions of the damage. Heavy ions produce more and denser damage because of the larger momentum and cross section of the implanted ion and because the electronic losses are less. However, overlapping Frenkel pairs do not contribute significantly to TED, since interstitials do not visit many lattice sites before recombination with nearby vacancies. What is important is that heavy ions transfer more momentum to the target atoms, and therefore there is a larger net displacement of Si atoms deeper in the crystal, leaving vacancies closer to the surface. This effect can be clearly observed when the net profile obtained by subtracting vacancies from interstitials is plotted, as shown in Fig. 2͑a͒ . The number of interstitials per implanted ion that correspond to the interstitial-rich zone is 1.02 for B, 1.20 for P, and 1.95 for As. The net number of total interstitials minus vacancies is lower than unity due to the sputtered atoms. 11 The spatial separation between interstitials and vacancies implies that on average, more interstitials have to diffuse a greater distance to recombine with vacancies, since the vacancies are located close to the surface and the interstitials are much deeper. Also, being closer to the surface, many of the vacancies reach the surface before recombination with the interstitials, leaving behind an excess of interstitials, as shown in Fig.  2͑b͒ .
The number of Si interstitials that survive recombination is also indicated by the number of interstitials stored in clusters, which increases with the mass of the implanted ion. Heavier ions produce a larger number of Si interstitials stored in larger clusters. At 1 s, 2.3 interstitials per ion are still in interstitial clusters for As implants, while in the case of P there are only 1.14 interstitials and for B, only 0.84 interstitials per ion. The existence of a larger number of interstitials stored in clusters for heavier ion mass has been confirmed experimentally for Pb compared with Si implants. 12 Since most of the TED occurs during the dissolution of the Si interstitial clusters, the number of Si interstitials stored in these clusters can give an idea of the expected TED. However, since this number evolves during the anneal, it is difficult to quantify TED based only on this observation.
We define an effective plus-factor or ''ϩn'' as the ratio of the time integrated interstitial hops using the model with full damage to that from the ϩ1 model. The ϩn that we obtain by this method is ϩ1.2 for 2ϫ10 13 cm Ϫ2 dose and equal range implants for the case of B, ϩ1.8 for P, and ϩ2.7 for As. This ϩn is larger than the net number of interstitials in the interstitial-rich zone for two reasons. First, the center of mass of the profile of the net interstitials is deeper than that of the implanted profile. Second, the interstitial diffusion occurring during the recombination of the overlapping damage adds to the interstitial hops. This contribution increases with lower doses since the concentration of interstitials and vacancies is more dilute and interstitials have to diffuse some distance before finding other vacancies. 13 We have calculated the effective ϩn for different ions, for energies between 15 and 200 keV, and, a dose 10 14 cm
Ϫ2
ignoring amorphization. The value of the effective ϩn increases with ion mass, as shown in Fig. 3 . We have found an analytical expression which fits the simulation values of the ϩn. This expression includes the ϩ1 corresponding to the implanted ion, and an additional term that depends on energy and ion mass as the momentum of the implanted ion; nϭ1ϩ 0.42
where R p is the projected range, E is the kinetic energy, and m is the mass of the implanted ion. Equal energy implants produce approximately the same amount of TED, independent of the ion mass, as shown in Fig. 1 , because the increase in the effective ϩn approximately compensates the reduction in the range for heavier ion mass. Thus, for 35 keV implants, the product of the depth of the center of mass of the implanted ions times the effective ϩn is 149 nm for B, 123 nm for P, and 128 nm for As, which is a variation of less than 20%, although the range changes by a factor of four, in agreement with the experiment of Griffing et al. 7 In summary, we have shown that for heavy implanted ions the damage distribution has an important effect on TED and defect evolution. The larger momentum transfer to the target atoms produced by heavy ions causes a larger redistribution of the Si atoms, i.e., more Si atoms are displaced deeper in the crystal than vacancies. This fact reduces recombination effectiveness of Frenkel pairs and produces an increase of the number of interstitials that are stored in clusters and that contribute significantly to TED. The ϩ1 model can be corrected by estimating an effective ϩn that includes not only the implanted ion but also a term that accounts for the inefficient recombination of Frenkel pairs. We have found that for larger doses, the ϩn follows a dependence on mass and energy, as shown in the previous equation.
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